Abstract Pulsating auroras show quasi-periodic intensity modulations caused by the precipitation of energetic electrons of the order of tens of keV. It is expected theoretically that not only these electrons but also subrelativistic/relativistic electrons precipitate simultaneously into the ionosphere owing to whistler mode wave-particle interactions. The height-resolved electron density profile was observed with the European Incoherent Scatter (EISCAT) Tromsø VHF radar on 17 November 2012. Electron density enhancements were clearly identified at altitudes >68 km in association with the pulsating aurora, suggesting precipitation of electrons with a broadband energy range from~10 keV up to at least 200 keV. The riometer and network of subionospheric radio wave observations also showed the energetic electron precipitations during this period. During this period, the footprint of the Van Allen Probe-A satellite was very close to Tromsø and the satellite observed rising tone emissions of the lower band chorus (LBC) waves near the equatorial plane. Considering the observed LBC waves and electrons, we conducted a computer simulation of the wave-particle interactions. This showed simultaneous precipitation of electrons at both tens of keV and a few hundred keV, which is consistent with the energy spectrum estimated by the inversion method using the EISCAT observations. This result revealed that electrons with a wide energy range simultaneously precipitate into the ionosphere in association with the pulsating aurora, providing the evidence that pulsating auroras are caused by whistler chorus waves. We suggest that scattering by propagating whistler simultaneously causes both the precipitations of subrelativistic electrons and the pulsating aurora.
Introduction
Pulsating auroras show quasi-periodic intensity modulations of extended forms that are caused by the precipitation of energetic electrons [e.g., Lessard, 2012; Li et al., 2012] . Sounding rockets as well as the FAST and Reimei satellites have confirmed that pulsating auroras are caused by quasi-periodical precipitation of electrons with energies from a few keV to tens of keV [e.g., Sandhl et al., 1980; Sato et al., 2004; Miyoshi et al., 2010; Nishiyama et al., 2011] . Reinard et al. [1997] used sounding rocket observations to show that electrons at~150 keV precipitate into the ionosphere in association with pulsating auroras. The whistler mode chorus waves [e.g., Nishimura et al., 2010] and electron cyclotron harmonic (ECH) waves [e.g., Liang et al., 2010] are thought to be important mechanisms to cause the precipitation of electrons associated with the pulsating aurora.
This model has been used to estimate the source region of pulsating electrons observed by the Reimei satellite [Miyoshi et al., 2010; Nishiyama et al., 2011] , and the model has been extended to the relativistic energy range [Saito et al., 2012] . The model indicates that whistler mode waves first resonate with electrons at tens of keV near the equator, and then with higher-energy electrons at higher latitudes [Horne and Thorne, 2003] ; therefore, precipitation of electrons across a wide energy range is expected.
The precipitation of energetic electrons by chorus waves has been studied using computer simulations. Hikishima et al. [2010] performed a self-consistent particle-in-cell simulation for the chorus wave-particle interactions, and they indicated that microbursts of 10-100 keV electrons are caused by chorus rising tones. Saito et al. [2012] developed the test particle simulation code Geospace Environment Modeling System for Integrated Studies-Radiation Belt with Wave-particle interaction module (GEMSIS-RBW), and they showed simulated resonant interactions between energetic electrons and whistler mode chorus waves, including nonlinear wave-particle interactions. They reproduced MeV electron microbursts due to chorus wave-particle interactions, and they found modulations of a few hertz embedded in the precipitating electron flux variations, which are associated with the repetition period of the chorus elements. This result is consistent with the model of Miyoshi et al. [2010] .
ECH waves, which represent another candidate mechanism for pulsating auroras, do not resonate with subrelativistic and relativistic electrons [e.g., Thorne et al., 2010] . If ECH waves are a dominant process in causing a pulsating aurora, then the absence of subrelativistic electron precipitation associated with the pulsating aurora is to be expected. On the other hand, it would be expected that a wide energy range electrons would precipitate into the atmosphere associated with a pulsating aurora, if the chorus waves were the primary driver behind pitch angle scattering.
Therefore, measurement of the maximum energy of the precipitating electrons associated with a pulsating aurora is essential to distinguish the primary mechanisms behind pulsating auroras. Although measurements of precipitating electrons with a wide energy range from a few keV to MeV have not been obtained by satellites, observations of the height-resolved electron density profile at night should be a good proxy for precipitating electrons with the highest energy. For example, the stopping heights of 100, 200, and~400 keV electrons are~75, 68, and~63 km, respectively, and the stopping height of monoenergetic beams of 1 MeV electrons is below 60 km [e. 
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As with previous observations for the height-resolved electron density profile associated with pulsating auroras, Jones et al. [2009] , using the Poker Flat Incoherent Scatter Radar, showed that significant electron density enhancement appears at an altitude of 90 km which indicates precipitation of~20 keV electrons [Semeter and Kamalabadi, 2005] . Oyama et al. [2014] reported on the characteristics of the electron density profile of the E layer and F layer and found a C-form structure to the density profile, indicating that soft-electron (<1 keV) precipitation occurs simultaneously in association with hard-electron (~keV) precipitation in the pulsating aurora.
In this study, we observe the height-resolved electron density variations using the European Incoherent Scatter (EISCAT) radar at Tromsø to identify the precipitating energy of electrons associated with pulsating auroras. We also use the data from the network of subionospheric radio receiver sites and riometers to observe energetic electron precipitations during the period. Moreover, we investigate the plasma waves and electrons in the magnetosphere during the event using Van Allen Probe-A satellite data [Mauk et al., 2012] . Using the plasma wave and energetic electron data from Van Allen Probe-A as inputs to the simulation, we conduct a test particle simulation of pitch angle scattering by whistler mode chorus waves and assess the consideration that the observed whistler mode chorus waves cause both the pulsating auroras (precipitation of tens of keV electrons) as well as the subrelativistic electron precipitation.
Ground-Based Observations: EISCAT/Subionospheric Radio Waves/Riometer
At 04:00-06:00 UT on 17 November 2012, a pulsating aurora was observed in Tromsø, Norway (69.35°N, 19.14°E). The magnetic local time was 06:30-08:30, i.e., the pulsating aurora occurred on the morning side. The invariant latitude of Tromsø is 66.12°. During the pulsating aurora event, the Kp index was 3. The AL index and geomagnetic field at the IMAGE Magnetometer Array in Tromsø showed that several enhancements of westward electrojets were found during the period (not shown), indicating substorm activity, and the pulsating aurora in this event occurred during the period from the late expansion phase to the recovery phase of the substorm. Note that a weak electron injection was detected at geosynchronous orbit at 0400 UT (not shown).
The EISCAT VHF radar transmitted an alternating-coded pulse with 61 bits of 2.4 μs baud length or 146.4 μs pulse length, corresponding to 21.96 km in range. The received signal was dumped every 4.8 s, and incoherent scatter spectra were integrated for 60 s to obtain the ionospheric parameters with Grand Unified Incoherent Scatter Design and Analysis Package [Lehtinen and Huuskonen, 1996] . The electron density can also be estimated from the backscatter echo power in the D region and below, and it was applied to make Figures 2a and 3. Figure 2a shows the time variations in the height profile of the electron density from vertical measurements of the EISCAT VHF radar. Enhanced electron density was observed after 04:30 UT, and the density enhancement region expanded to an altitude of 68 km. The optical digital camera and photometer installed at Tromsø were used to identify the pulsating aurora during the period. Figure 2b shows examples of all-sky images; pulsating auroras were widely observed over Tromsø during the period of enhanced electron density in the D region. The five orange lines result from the backscatter of lidar beams. Figure 2c shows the time variation in the optical intensity at 427.8 nm from the photometer, which was oriented to the local magnetic zenith, whose angle is 12°from the local zenith. The sampling rate of the photometer was 50 ms, and seven-point running average was used to smooth the variation. Quasi-periodical on-off variations are found at 427.8 nm.
From the frequency spectrum analysis, periods of 5~10 s are identified as the main optical modulations that embed the 3 Hz internal modulations.
The yellow and red rectangles in Figure 2b indicate the direction of the field of view of the EISCAT VHF radar and the photometer, respectively. Both instruments observed almost the same direction; therefore, the density enhancements measured by EISCAT were actually caused by electron precipitation in the pulsating aurora.
To investigate the altitude profile of the electron density in detail, Figure 3 shows the averaged electron density profiles during the period both without the pulsating aurora (03:00-03:22 UT) and with the pulsating aurora (04:30-04:52 UT). Figure 3a shows large density enhancements in the E layer at~100 km during the period with the pulsating aurora, most likely resulting from ionization by the energetic electron precipitation. Figure 3b is the same as Figure 3a but shows the profile from 60 to 80 km. During the period without the pulsating aurora, the electron density is~3 × 10 8 ,~1 × 10 9 and~1 × 10 10 at 70, 80, and 100 km, respectively.
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During the period with the pulsating aurora, the electron density increases greatly owing to ionization by the energetic electron precipitation. The electron density in the lower ionosphere is~6 × 10 8 ,~3 × 10 10 , and~2.5 × 10 11 m À3 at 70, 80, and 100 km, respectively, and the highest density was observed at~100 km.
A comparison of the electron density profiles for the periods both with and without the pulsating aurora reveals that the EISCAT VHF radar detected clearly electron density enhancement at >68 km. 
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10.1002/2014JA020690 Figure 4 shows the network of subionospheric radio wave receiver sites operated by the Antarctic-Arctic Radiation-belt (Dynamic) Deposition-VLF Atmospheric Research Konsortium, AARDDVARK , as well as the great circle paths between transmitters and the receiver stations. From the AARDDVARK observations, >50 keV electron precipitation was detected during 04-05 UT along the great circle paths between NAA (Maine, USA, 44.58°N, 293.2°E) and Sodankyla, NRK (Reykjavik, Iceland, 63.85°N, 338.4°E) and Sodankyla, and NAA and Ny Alesund (Svalbard, 78.93°N, 11.95°E). The great circle paths of some of these subionospheric radio waves pass through the precipitation region observed by EISCAT and suggest that the event included significant precipitation flux of >50 keV. The shaded area in Figure 4 corresponds to the inferred region of the precipitation, using observations from many AARDDVARK paths. From the AARDDVARK network observations, it is concluded that precipitation occurred over at least~75°of the longitude, i.e., from 01 MLT at Newfoundland to 07 MLT at Sodankyla. Similar network observation (operated by Tohoku University, Japan) confirmed this result by the observations between NRK and Ny Alesund, Jainfingen (Germany, 50.01°N, 9.01°E) and Ny Alesund, and Anthorn (UK, 54.92°N, 356.75°E) and Ny Alesund. Since there are no paths east of Sodankyla, it is not possible to discuss the eastern longitude limit of the precipitation.
It is worthwhile to note that the 30 MHz, wide beam riometers at Abisko, Sweden (68.35°N, 18.83°E), Ivalo, Finland (68.65°N, 27.54°E) detected absorption between 1.0 and 1.3 dB during the event (not shown). Calculation of riometer absorption using the perturbed and nonperturbed EISCAT electron density profiles following the technique described in Rodger et al. [2012] gives 1.3 dB, which is consistent with the absorption levels observed.
Observations From Van Allen Probe-A
During the period, the Van Allen Probe-A satellite traversed the dawnside and Figure 5 shows its footprint around Tromsø. The circle indicates the field of view of the all-sky camera at Tromsø, and the pulsating auroras were observed within this field of view. Figure 6 shows a combined plot of the frequency spectrum from Electric and Magnetic Field Instrument Suite and Integrated Science (EMFISIS) [Kletzing et al., 2013] and the electron energy spectrum from Energetic Particle, Composition, and Thermal Plasma (ECT)/Helium, Oxygen, Proton, and Electron (HOPE) and Magnetic Electron Ion Spectrometer (MagEIS) [Spence et al., 2013; Funsten et al., 2013; Blake et al., 2013] . Figure 6a shows the wave spectrum, from which the continuous banded emission of the upper hybrid resonance (UHR) waves can be seen. The white line in the figure indicates the local electron-gyrofrequency. The sudden increase of the UHR frequency around 06:30 UT indicates the crossing of the plasmapause, and the Van Allen Probe-A satellite was outside the plasmapause during the pulsating aurora event. The ratio of the plasma frequency to the electron-gyrofrequency was 4~5 during the period. The emission around 1 kHz in Figure 6b is the whistler mode waves below the local electron-gyrofrequency. Figures 6c and 6d show the electron data from ECT/MagIES that measures electrons from 37 keV to 3869 keV for pitch angles of 90°and 24.5°, respectively. Figures 6e and 6f show the electron data from ECT/HOPE that measures electrons from 20 eV to 51 keV for pitch angles of 90°and 18.0°, respectively. During the pulsating aurora period, wide energy range electrons up to MeV exist in the magnetosphere. Figure 7 shows the wave burst mode data of EMFISIS at 04:50 UT. The satellite observed the waveform with 6 s cadence. Clear rising tone emissions of the lower band chorus (LBC) waves were observed during the time. Analysis of EMFISIS observations by a Singular Value Decomposition technique [Santolik et al., 2003] showed that the wave vectors of the intense rising tones are almost antiparallel to the ambient magnetic field. The Poynting flux analysis [Santolik et al., 2001] confirmed that the observed LBC waves propagate to the Southern Hemisphere.
Computer Simulations and Discussion
The EISCAT observations indicated enhanced electron density above an altitude of 68 km. According to the height profile of the stopping heights, the electron density enhancement at this altitude is caused by precipitation of electrons with energy of at least~200 keV [Turunen et al., 2009] , i.e., subrelativistic electrons (~200 keV electrons) associated with the pulsating aurora precipitation into the ionosphere. The observations from the network of subionospheric radio wave receiver showed >50 keV electron precipitations from 01 MLT to 07 MLT, and the riometer observations confirmed the energetic electron precipitations during the period. 
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Together with the observations at the ionospheric altitude, the observations from the Van Allen Probe-A satellite confirmed the rising tone chorus emissions outside the plasmapause near the equatorial plane.
Here we investigate a possible mechanism for the simultaneous scattering of both electrons at tens of keV for the pulsating aurora and subrelativistic electrons. Thorne et al. [2010] derived the pitch angle diffusion coefficients for LBC, upper band chorus, and ECH waves, and their work revealed that ECH waves mainly cause pitch angle scattering of low-energy electrons and that they are ineffective for higher-energy electrons more than a few keV.
To evaluate whether chorus waves observed by Van Allen Probe-A can cause precipitation of electrons with a wide energy range, as observed by EISCAT, we conducted a GEMSIS-RBW simulation [Saito et al., 2012] . In this simulation, we used the observation data from the Van Allen Probe-A satellite as inputs.
The GEMSIS-RBW simulation was developed to solve electron motion and scattering along a magnetic field line. The magnetic mirror motion of an electron is described as the guiding center motion, while the electron momentum changes, associated with wave-particle interaction, are given by the following equation of motion:
where v e = p e /m e γ is the electron velocity, γ is the relativistic Lorentz gamma, B is the background magnetic field vector at the electron guiding center position, p e is the electron momentum, m e is the electron rest mass, and δE and δB are the electric/magnetic fields of the chorus waves that satisfy the dispersion relation of the whistler mode waves, which propagate along the field line. When the electron interacts with the chorus waves, the equation of motion is numerically solved with the time step δt during Δt, where δt is chosen to resolve the gyromotion and Δt is the time step to solve the adiabatic guiding center motion. After calculating the momentum change Δp during Δt, the first adiabatic invariant of the electron at t + Δt is ©2015. The Authors calculated using the background magnetic field intensity at the electron's position. Simultaneously with the scattering process, the electron guiding center position is advanced in keeping with the first and second adiabatic invariants.
In this simulation, we modeled the rising tones of the LBC waves, as shown in Figure 8a . Considering the observations, we assumed the wave amplitude of 500 pT. It is difficult to determine the repetition period of the bursts from the observations of the Van Allen Probe-A satellite because the burst mode observations were intermittent. Thus, in this study, we assumed that the duration of each LBC burst was 2 s and that the repetition time was 7 s. Furthermore, it is assumed that LBC propagates to the magnetic latitude of 20°, based on the statistical analysis [Meredith et al., 2012] . The magnetic field line for this simulation was the . The observed ratio of the plasma frequency to the electron-gyrofrequency was used in the simulation, and the constant density distribution along the field line is assumed.
The test particles (512,000 electrons) were released along the dipole magnetic field line. They were distributed for all pitch angles along the field line with random bounce phase. Note that no electrons existed within the theoretical loss cone angle defined at the altitude of the ionospheric absorption layer (100 km). In order to estimate the precipitated flux from our test particle simulations, a weighting factor was considered for each test particle as an initial condition.
We calculated the differential flux from the test particles with the weighting factor, to be identical to the differential flux as measured by HOPE/MagIES of the Van Allen Probe-A satellite (see Figure 6 ). During the period, the Van Allen Probe-A satellite was at the magnetic latitude of À 10°. Considering the conservation of the first adiabatic invariant, we convert the observed pitch angle to the equatorial pitch angle, and then we estimate the pitch angle distribution by assuming the functional form of j(α eq ) = j 0 sin n α eq , where j(α eq ) is the differential flux at the equatorial pitch angle α eq , j 0 is the differential flux at 90°pitch angle. Using the pitch angle distribution data of HOPE/MagIES, we estimate j 0 and n for each energy, and then we use j(α eq ) as the initial distribution for the GEMSIS-RBW simulation. Note that the loss cone angle at the position of the Van Allen Probe-A satellite is 3.5°, while the loss cone angle at the magnetic equator along the same field line is 3.0°.
Using the EISCAT-measured electron density profile, we estimate the energy spectra of precipitating electrons by the CARD inversion method [Brekke et al., 1989; Fujii et al., 1995] . The method solves the continuity equation for the electron density n e without the transportation and uses the Mass Spectrometer Incoherent Scatter model NRLMSISE-00, [Picone et al., 2002] as a neutral density profile. The model assumes the equilibrium between production and loss processes, that is, the loss rate can be written as α eff Δn 2 e , where α eff is the effective recombination rate and the model calculates the electron density variations Δn e by auroral particle precipitation. At polar winter night, Δn e in the lower E region is almost equal to the EISCAT-measured electron density because of no other major ionization source except for the precipitation. Figure 8b shows the energy spectrum of electrons observed near the magnetic equator from the Van Allen Probe-A satellite (blue triangle) and at the ionospheric altitude estimated from the CARD (red triangle). The CARD data show the energy spectrum during the period with the pulsating aurora (04:30-04:52 UT). The statistical error of the estimated flux is about 2.5% below 100 keV and 20% above 100 keV during the period. The corresponding pitch angle at energies from 10 keV to 51 keV (HOPE instrument) is 18°, while the pitch angle at energy above 56 keV is 24.5°(MagIES instrument) at the magnetic latitude of 10°. Comparing the energy spectrum between the magnetosphere and the ionosphere for the period with the pulsating aurora, the electron fluxes from a few keV up to 100 keV are almost same between them. This means that the pitch angle scattering occurred in the strong diffusion [Kennel, 1969] in which the flux between inside/outside the loss cone should be almost the same. On the other hand, the flux estimated from the CARD method is significantly smaller than that from the Van Allen Probe-A satellite observations above 100 keV, meaning that the pitch angle scattering rate becomes small at subrelativistic energy range.
The precipitating flux at several energies calculated from the test particle simulations is also shown in Figure 8b . The energy spectrum shows good agreement with the EISCAT observations. Just like the EISCAT observations, the simulated flux shows the similar spectrum profile from 10 keV to 100 keV, while the precipitated flux above 100 keV is smaller than the flux at the magnetosphere. The result indicates that LBC observed by the Van Allen Probes-A satellite is the main driver for the electron precipitations from 10 keV to 200 keV that are observed by EISCAT.
In order to investigate the reason for the different energy spectrum at subrelativistic energy range between the magnetosphere and the ionosphere, we estimate the resonant energy of precipitating electrons, considering the following resonant condition.
The first-order resonance condition addresses the electron scattering by whistler mode waves propagating along the field line. Here ω, k || , v || , and Ω e , are the angular wave frequency, parallel wave number, parallel speed of the electron, and electron cyclotron angular frequency, respectively. Under the cold plasma
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where ω pe is the electron plasma frequency. The loss cone angle at the equator is evaluated as
, where B a is the field intensity at the atmospheric altitude. The parallel speed of electrons with the loss cone pitch angle α lc is
In the simulation of this study, it was assumed that LBC can propagate to the magnetic latitude less than 20°. Figure 9 shows the resonant energy of electrons along the field lines due to whistler mode waves as same plasma condition as the simulation. At higher latitudes, chorus waves can resonate with higher energy and cause pitch angle scattering. The whistler mode waves of ω = 0.2|Ω e | can resonate with 200 keV electrons at magnetic latitude of~28°, whereas the waves of ω = 0.35|Ω e | can resonate with them at magnetic latitude of~35°. Since the resonance condition for electrons above 100 keV is not satisfied when LBC propagates to the magnetic latitude less than 20°, the precipitated flux becomes significantly small at the energy above 100 keV. In fact, we confirmed that more energetic electrons precipitate into the ionosphere by the simulation, if LBC can propagate to high latitude larger than 20°.
As shown in Figure 1 , we expect that the precipitations of subrelativistic/relativistic electrons caused by LBC are always accompanied with the pulsating aurora and/or diffuse aurora, which occur along the same field line. And, the latitudinal distribution of LBC controls the maximum precipitating energy of electrons associated with the pulsating aurora. Finally, we discuss the possible relationship between the microbursts of subrelativistic/relativistic electrons and the pulsating aurora (see the recent review by Tsurutani et al. [2013] ). There have been several reports on microbursts in the subrelativistic [e.g., Parks, 1967; Lee et al., 2012] and relativistic energy range [e.g., Imhof et al., 1992; Nakamura et al., 1995] . The model of Miyoshi et al. [2010] has predicted the simultaneous precipitation of wide energy electrons associated with pulsating auroras, because the propagating whistler mode chorus waves can resonate with electrons for a wide energy range along the same field line. Although the measurements of this study did not identify the microbursts of subrelativistic/relativistic electrons, we suggest that a common process of whistler mode chorus wave-particle interactions causes the microbursts of subrelativistic/relativistic electrons and the pulsating aurora, which are modulated by the repetition period of the chorus elements.
It is worth noting that such energetic electron precipitation down to mesospheric altitudes is important with regard to the cause of significant ionization as well as the enhancement of NO x [e.g., Isono et al., 2014; Andersson et al., 2014] . We expect that subrelativistic electron precipitation, being concomitant with pulsating auroras, would have significant impact on the variation of the upper atmosphere composition. Data from future satellites such as the ERG satellite and sounding rocket observations for a wide energy range from a few keV to MeV will provide a unified picture for pulsating auroras and precipitations of relativistic electrons.
Conclusion
We examined the height-resolved electron density profile obtained using the EISCAT Tromsø VHF radar, which was associated with the pulsating aurora observed on 17 November 2012. Electron density enhancements were clearly identified at altitudes >68 km in association with the pulsating aurora, suggesting the precipitation of electrons with a wide energy range of up to 200 keV. The observations from the network of subionospheric radio wave receiver showed >50 keV electron precipitations from 01 MLT to 07 MLT, and the riometer observations confirmed the energetic electron precipitations during the period. The Van Allen Probe-A satellite, which was very close to Tromsø during the time, observed rising tone emissions of the LBC waves. Comparing the energy spectrum at the magnetosphere observed by the Van Allen Probe-A and at the ionosphere estimated from the CARD inversion method with the EISCAT observation, the electron flux from a few keV to~100 keV is almost same between them, indicating that the pitch angle scattering occurred in the strong diffusion up to~100 keV. On the other hand, the electron flux above 100 keV at the ionosphere is smaller than that at the magnetosphere.
Using the Van Allen Probe-A satellite data, we conducted a computer simulation of the wave-particle interactions. The simulated electron energy spectrum at the ionospheric altitude is well consistent with that estimated from the CARD inversion method, indicating that the observed LBC can cause the simultaneous precipitations of electrons at both tens of keV and a few hundred keV for the period with the pulsating aurora. The latitudinal distribution of LBC along the field line controls the resonant energy of electrons.
These results are evidence that pulsating auroras are caused by chorus wave-particle interactions. Furthermore, it was confirmed that whistler mode chorus waves can cause the simultaneous precipitation of wide energy electrons. We suggest that the propagating whistler mode chorus waves are a common process that simultaneously causes both the pulsating aurora and precipitation of subrelativistic/relativistic electrons.
